12 United States Patent

Bahk

US009423306B2

US 9,423,306 B2
Aug. 23, 2016

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)

(21)

(22)

(65)

(60)

(1)

(52)

(58)

101
\\

METHOD AND APPARATUS FOR
WAVEFRONT SENSING

Applicant: RAM Photonics, LL.C, San Diego, CA

(US)

Inventor: Seung-Whan Bahk, Rochester, NY
(US)

Assignee: RAM PHOTONICS, LLC, San Diego,
CA (US)

Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 14/587,392

Filed: Dec. 31, 2014
Prior Publication Data
US 2015/0300885 Al Oct. 22, 2015

Related U.S. Application Data

Provisional application No. 61/923,362, filed on Jan.
3, 2014.

Int. CI.
GO1b 902 (2006.01)
G017 9/02 (2006.01)
GO3F 7720 (2006.01)
U.S. CL

CPC ... G01J 9/02 (2013.01); GOIB 9/02 (2013.01);
GO3F 7/706 (2013.01)

Field of Classification Search

CPC ............ GO1B 9/02; GO01J9/02; GO1J 9/0213;
GO3F 7/706; GO1IM 11/0271
USPC 356/521

See application file for complete search history.

Periodic mask
{period: A)

Propagation
(distance: L)

(56) References Cited

U.S. PATENT DOCUMENTS

3,572,878 A *  3/1971 Lu .ooviiieiiiiininnninnn, GO02B 5/32
359/559
3993976 A * 11/1976 Ginsburg ............... GO6K 9/748
250/550
6,025,911 A * 2/2000 Diddams ................. GO1J 11/00
356/450
6,633,386 B2* 10/2003 Walmsley ............... GO1J 11/00
356/450
6,882,432 B2* 4/2005 Deck ....cooovvvnrinnniil. GO1B 11/06
356/512
7,440,115 B2  10/2008 Horwitz
7,826,066 B2 11/2010 Primot et al.
(Continued)
OTHER PUBLICATIONS

Bahk, S.-W., et al., “Generation and characterization of the highest
laser intensities (10°* W/cm?),” Optics Letters vol. 29, No. 24, (Dec.
2004): pp. 2837-28309.

(Continued)

Primary Examiner — Tarifur Chowdhury
Assistant Examiner — Md M Rahman

(74) Attorney, Agent, or Firm — Kilpatrick, Townsend &
Stockton, LLLP

(57) ABSTRACT

A method of measuring characteristics of a wavetront of an
incident beam includes obtaining an interferogram associated
with the incident beam passing through a transmission mask
and Fourier transforming the interferogram to provide a fre-
quency domain interferogram. The method also includes
selecting a subset of harmonics from the frequency domain
interferogram, individually inverse Fourier transforming
cach of the subset of harmonics to provide a set of spatial
domain harmonics, and extracting a phase profile from each
of the set of spatial domain harmonics. The method further
includes removing phase discontinuities 1n the phase profile,
rotating the phase profile, and reconstructing a phase front of
the wavetront of the incident beam.

10 Claims, 6 Drawing Sheets

Imaging
Device

interference
2050



US 9,423,306 B2
Page 2

(56)

2003/0025911 AlL*

8,937,722 B2 *

References Cited

U.S. PATENT DOCUMENTS

1/2015

GO02B 21/365

OTHER PUBLICATIONS

Bahk, S.-W., “Band-limited wavefront reconstruction with unity fre-

quency response from Shack-Hartmann slopes measurements,”
Optics Letters vol. 33, No. 12 (Jun. 2008): pp. 1321-1323.

2012/0116703 Al*

2013/0057869 Al*

2001/0109851 ¥

356/457 : : : :
Bahk, S.-W., et al., “A high-resolution, adaptive beam-shaping sys-
2/2005 Walmsley ............. GO EJS é/lﬁ{gg tem for high-power lasers,” Optics Express vol. 18, No.9 (Apr. 2010):
5/2012 Pavillon ............... GO3H 1/0866 PP 9151-9165. _ _
702/70 Bahk, S.-W., “Highly accurate wavefront reconstruction algorithms
3/2013 Cotte ... GO2B 21/365 over broad spatial-frequency bandwidth,” Optics Express vol. 19, No.
356/457 20 (Sep. 2011):pp. 18997-19014.
7/2014 Day .....cooooveeeiiinnnn GO01J 3/443
356/318 * cited by examiner




U.S. Patent Aug. 23, 2016 Sheet 1 of 6 US 9,423,306 B2

108

FIG. 1

—~205a

Periodic mask Propagation  _ interference
(period: A) (distance: L) 20580

FIG. 2



US 9,423,306 B2

Sheet 2 of 6

Aug. 23, 2016

U.S. Patent

by

407 a

407d

4054 407¢

FIG. 4C

,,”x”,”,x,”
u.. ..ﬂ u.. u.. ..-.. u.. u.. ..-..

PH”H”HHH”H”H”HF A
S i
L
A A N KKK
LM X E RN A
oK M RN NN
A
oA M KN NN H
PHHHHHHHFPF. u..u.. k
H“u..HH”HHu..Hu..”H“HHu..“H”FPF“H“F”F”T.”.FHF”P”.H”.U “P“H”v ”
HFHHHHHFPPFPPFF o
I
HFHPHHHF.HPFHPF.FPFFHF.FF
HHFHHHHIHHHIHHFH FHPHFHHHHHFH FHHHHHFU Hlu..v u..u_ u..
PHHHHHHHHHFHH r. .FHP .FHHHHH E u_. A
XA AN M N E
e i S i i “I“H“HHH“HFF”H’.P”_H”FFHHHH
v..ﬂHHHPFFF.P’.PHFHP’.PHFHHHP r. HHIIHIHHHFP _Hu.. rmu__r.
El i i R AN N o
HHPFFHHFPFFHF RN N A N A
HHHHHHHHHPHFHP L A
u...ﬂHHFHHHHHHHHHHFHHHHHHHPHHP I ”.H”

A N N AN MM N
I%lﬂ!ﬂﬂﬂﬂ!ﬂﬂ!ﬂﬂﬂ!ﬂﬂ!ﬁ?ﬂ

o, .lHHHHHHHHHHHFHHHPHHHHHPHFHHH

FHHHFHHFE*
v.—.vﬂ#ﬂﬂ!ﬂ??’.ﬂﬂ!?ﬂ L g ] v.
o, PFHHFFHFHPF

v.lﬂ!ﬂ?ﬂ?ﬂ?ﬂ?ﬂlﬂﬂ!ﬂ!ﬂﬂiﬂ?ﬁ M M N

v“HHH”H”H“I”H“H”HHH”HHF”H’. HHHH“H“H”H“H”HHHIHFFHFH H“l“l”ﬂ“l“l“ﬂﬂ
Mo AN AR K MK N KA HHHHFFHIHHHH A KX KX B
i L i i M MMM E 3
E N HHHHHH.HHHH KR XX NI X
X E MM N N N A NN A AR XK N NN
E A i P M N MNP N M N M S i
HE N M N NN N NN E A H MR N NN NN ]
F NN HH HHHPHFHU.H
TR A MM N M N M A NN N AN MM E A M N RN NN
M M M M M N M N MR RN NN N K NN NN L L L
R TN XN N N NN MK RN N KN N ERENNAEN KX FFFFHHHP
M E AR RN M M M M M A A M MM N N M N E u..u_u..u_.r. L
x B M NN N N M N NN MK NN NN WHHH LA, u.. u..u_u..
H.QTRIHHHFHHIHHHHHHHHH K X KX o o i
HR M NN N XM MR N NN NN N E il
>, E_JE R XM KN NN R XM MM MM NN L L
x IHHFHFFHHPHHPHFHHHFF L o i i
M JE RE R N M N S M M A M MM MM NN N KM oA A A
MM E R E M N NN NN NN KN M NN NN u.. L A M A A
E N R g o,
i i A ol i L AN ol
A N HHHHHHFHHFE L >,
F#HHHHHFU.”H”H”P”HH IH . " FH.PH ”H“
RO WM E A N N A i A
v.#ﬂﬂ!ﬂ?ﬂv.?v.?ﬂ?ﬂﬂ!?ﬂﬂ H!H HHHHFHHHFHHHPH u..xr.

N
Hunu..v u..un!u..u..ﬂu..v u..!u..v

4 2 i

. A A A A e A A
v.rxrxv.rrxxxxxrrv. y y i A y i iy ; o A A A i
v“r“xwr”xwxwx“x”xwx”x“xwvHv ; xrrrxrxxxrxrxrxrxrxrxrxrv.
o PP o P P P L PE W

vuxxlrxrrrrrrrxrxrxrxrxxxrrrxrvrxrrr rxrrrxrxrrrxrxrxrrv
L Ty P P P 2 2 B B P T P W e R T B K K e R
v#xHx”x”x“xnx“xnxwx“x“xnxnxnxwx“an [ Hxnxwr“xnxwr“r“xrvrxr Pt o o

A I
|.-_1r.r.T.T.T.T.T.'.T.r.'.T.T.'.T..'.T.T.'.T.T.'.T.-..T.T.T.-_.-_I.".-..-_.-_.-.‘.-_“‘.-.“.-.."I..-_1

N - - A _

Aoy

x/ Kﬂ,x

FIG. 5B




US 9,423,306 B2

Sheet 3 of 6

Aug. 23, 2016

U.S. Patent

F A
= kb ok
ER |

1----1-11

e

WP |

R ol
WA R
L

Elg i i ! !
.,
A,
X,

A X, X
I A i W, i -
K Hv.nrxxxunﬂv.nxxunnu.nrxr M ) .
X,
!

e i
Hl l‘ﬂ X N N X

N AT e QN

i ilq. ! .I1I1h.l1h1l1}.1h1 o B 1I|I.... -

T

* & r o . . . . . ' ] ' . r o ' ] ' ror ¥ ' ' [ I I )
.

e k
lﬂxﬂxll
L XX N &

4
“ﬂ“ﬂ“ﬂ”ﬂ“ﬂﬂﬂ"‘ }b
A N N NN N
LI A M AN E N
5 N KR
FE A A A AR
- WAy A X X E
LI IE A A E g e i
5B e g
o H A AN A
E LM AN
& B E o
. » Hﬂﬂﬂ#ﬂ!ﬂﬂﬂ!ﬂﬁﬂﬂﬂ#ﬂﬁﬂﬂl‘
L E i ] E N
r & H S N
L X o A M
' - JHHH .HHHHH.- 'l.._.._.
r T.T‘H HH.. "'.1
r = K | 4 ‘.-r.r.
[ P :
r ._T*
Pt e
- e
.
. "

4 a
L ]
AN

i

I-H-H!H:F”H-H-I

F

F ]

MM

-I
a
w A

A T
VT aaa e .

Vo e .r.._..-.....l.-.l.............-.n.....n. .
yoalalaa Ty » hr s
iy _dr dr dp o " -.llﬂlﬂlﬂﬂﬂlﬂ iy
B A A Al A A A A A R

rr PP FfrPF*PFrPFrP PP PP FPFPFPFPPFPPPFPPFPPPPFPFPPPPPPPPSFPPPPFPPFPFP PP T

1 1

iy

ERN

.
ERL

oo e a dror g

FIG. 7

L]

705

L P

e .
I IR R N I L |




U.S. Patent Aug. 23, 2016 Sheet 4 of 6 US 9,423,306 B2

800

| Obtain an interferogram associated with an _— 810
| incident beam passing through a transmission
: mask

Fourier tranforming the interferogram to 612
provide a frequency domain interferogram
Select a subset of harmonics from the - 814
frequency domain interferogram
Individually inverse Fourier transformeach of | _— 816
the subset of harmonics to provide a setof
spatial domain harmonics
Extract a phase profile from each of the set of yd 318
spatial domain harmonics f
Remove phase discontinuilies in the phase - 820
profiles
- 822
Rotate the phase profiles
822

Reconstruct the wavefront profile of incident

FIG. 8 beam




U.S. Patent Aug. 23, 2016 Sheet 5 of 6 US 9,423,306 B2

910 ~912
InBc:dem‘ o Diffraction .
eam Transmission  — lmaging

Mask

Device

/10 |~ 996

Module User

Interface
. 952

Data Processor

FIG. 9



US 9,423,306 B2

Sheet 6 of 6

Aug. 23, 2016

U.S. Patent

EE e
e u" ‘ A AT A AR AN AR AR AT AR AN AT AR A A AR A AN A AN A AN AT AR ACE RN ANCAINERIEEE. e i R e T T T
e e R B Y .
e ..“"__..u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"..u"._.u"..u"..u"._.u"..u"..u"._.u"..u"..u"“.. \ g g :
e ”.“u..u"._..._"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._.u"._..._"._.u"._.u"._..._"._.u"._.u"._.u"._.u"._.u"._..._"._.u"._.u"._..._"._.u"._.u"...._"..u"._.u"...._"._.u"._.u"...._"..u"._.u"...._"“.. . B R R e e e :
e e e s :
Ce e e e e e e et e e e e et e e i
e ”.“u..u"...._"..u"..u"..u"..u"..u"..u"..u"..u"...._"..u. e " u.._.u"“u"._.u"..u"._.u"._.u"...._"._.u"._.u"._..._"._. . .”‘_“"""""""""""“"""""""""""""""""“"""""“"""""""""""“"“"u“u“”“m”””““”"“"""""""“ . o :
e e e e o e SN .
3 = || || || || || || || || | I & 4 & b & b b A b I M odr i dp dr & || || || || || || || || || s FEEEFEEFEFEEEFEEFEFEFEFEEEFEEEFEDN KA X XXX REREREN || e o & & & & dr dr b N
A e e e e e W e e " e e e e e R e R e e o et a -
" r R e e a e e e e e T e e e e e e R R e e e " R e R R R A e L e e -
T e e e e e T e e e e e e e e e A o WA -
e e e e e e e e e e e T e e e e e e e e e e e e o e e I T Sl -
" r R ey e s e e e e R s e e e e e e e e e e e e e e e e S "y R R I I I L g et e R -
& ‘- ‘- ‘- ‘- ‘- ‘- " -l‘-.. .. .. .. ..‘- T I.r.r.rH.T“.T“.T“.TH.T”&..T.:.&..#&.&.&.}.&.}.}.I. l.l.l.l.“""""“" ""‘." .. .. .. .. ..‘-.. . l_- -” Jﬂ!ﬂ*ﬁ!ﬂ”ﬂ"ﬂlﬂ'ﬂ'ﬂ.‘.‘.‘. "““"l.l.l.l.l.l.l.l.b.}.b.b.” H “ “ “ “ " ”
T B el n"u"n“._”#.nu"""“"“u"._.u"._.“"“.. " B o o o e -
‘- ‘- ‘- ‘- -.- -l‘-‘-‘-‘-‘-‘-‘-‘- ".' ‘- -...l-‘-‘-‘-‘-‘-‘-‘- lm- r - . !ﬂ”ﬂ*ﬁ!ﬂﬂ"ﬂﬂlﬂ"'ﬂ.‘.‘-‘- Bk "“"l.l.l.l.l.l.l.b.l.b.l.b.b..'.f.?.'*.fb.r & -
e e e e e " et i e e e -
ey e e e e e K e o " S R A Sl Ay m
i F ‘- ‘- ‘- ‘- " -l‘-.. .. .. =+ 1 1 F P OF =2 E == ‘-‘-..-.-.-'--l"'"-ﬂ ‘-..‘-..‘-. - ’””!”ﬂﬁ!"ﬂ""ﬂ"ﬂ'ﬂ'l...-... -" "'"“"‘l.l.l.l.l.l.l.l.b.}.*b..'b..'.'b.T.r.r & l-
e . i o N I N o e e e e Ao e el e e .
T H o A Ao B e ﬂ e A )
LN | ] L3 B . 00 rr X xR X N A X EXEXEERETR [ ] e o o & & b dr & b b b Lk ]
o e . e o A e e e i R A R S e Tl
el - N R o e ARl R e Sl R L "a"u'}
L .nnnn....._.._._..r.._ .r.._ ....._1.r.r..........;.............................-..-..-..._l....-.ilil [ ll L] 1 HHHF.HF.HH!!IIIIIII 1 ; ; .!anxxxﬂxﬂﬂﬂﬂllllllll ll III-. 'IIII_-.I_-_-..-_-_l....-.....-.l..........................t.r.r.r.. .r.._.__n.._ ................ lllllllllllllll.
et ...n......._H.._H._.H.r”..1H..1.r.._..r...r.........................q....q.a....q-_...-_.._-..-.-_ at -_ oo ; jﬂjﬂﬂﬁﬂﬂﬂﬂﬂﬂlﬂ:ﬂﬂﬂ!ﬂlll o -_-_-|.-._-_.-__-..-__-...4.4....44.......................”._1”&” .r“.._n.._“.“.”.”.qu ' P e e l”
B ALl oot e Aottt totalilo o R
‘ T » et :
o - ﬂ_-! e ot ettt ! e T R L
l-_” .ul.l" LA e e ) l""l"l"n"n"aa a"a"n“a“nunnanxjnxxjnr oo . ”H”nﬂx”nnnﬂn"a"l"n"n"“l" -_"I-. " .-.-”-.“-_”.._”...”4”...”...”...”...”&”&”..“.._“.._“.“.“.”.”1” e L lll.llll l-l”
: s R » e / T Bl A e e e b b T T . .
" I T A T ' e A e e e L . "
e e e T e N N e i o e L e N N N N e
= . B T L o = e oo a e G L - o e e e e T [ - llIi "
‘- " = l‘-.. '.. ‘-‘-. --l"'"'ﬂﬂnﬂﬂ E !H”H.,”P Py P F.”F”ﬂﬁ!"ﬂ""ﬂlﬂ'ﬂ'l.l.‘-.. -" [ ] "“"‘l.l.l.l.l.l.l.l.b.}.b..#.'b..'.'b .T.r.r.r.r .................. ‘- ‘- -
i . llhllnlnn e oo o R I e e L . " "
C X T ; "o A g g g g g Mg g T T lllll
o e A B sl A P A L  a e PP .
oo a G R ! nmv_mxxxnxnnnanaaanunl“lll" l"II“-_-_-__-_-.-._-.-.-..._.-....._.4....4.4.........................r.r.r.r.. B i LI J
oo A N R e e A oA e Rl R LR "
HHHH o l.‘-..-.---'l-lalﬂlﬂﬂﬂﬂﬂnxxxxnxﬂ.x ”Hxnxxx"ﬂﬂnﬂlﬂl'l--. ‘- .'-""‘-"“l.l.l.l.l.l.l.}.b.}.b.}.b.b..'b..f.f*.r.r.rl.r .................. =
NN RO N N o o e e e e e o e e e wa aaeeT .
P L L L e T T llull R R R A R u___r.xr.xxxnnnanaaanannn-ll o L R I S LR
i i e P P P e e e e A o e A R R e - I B A e e U e e e
e e T e T e e et ; l-ll T e e e T e A A A A nnxr.xxxnnnnnaanlanlll“ul T -
e e e  a a  a R R R R R R R R A A e R R I Ol S i
...... _ _ Tt etate r e T L e e 2
................... R KR K K Ao e el e e R R MR aa el .
......... - e R A " e e L I""l-. e
"u"n i o e Il e o ey I o o ol
-.- l"'"" !ﬂ!’.ﬂﬂ!ﬂﬂ"ﬂﬂlﬂ'ﬂ'ﬂ.‘.‘. .'.."' ““l.‘l.l.l.l.l.l.b.l.b.l.b..#.'b..'.'b & . & . & PR N ...- ..'-.'..
Sata k] o e : R T ._.__.-_II""""- S
e I R T i e NP e i e e
e e e S o R B e
B e e e AR 00 SR e o e R B e
B s e ot e T e e e e .
" l- ‘- ‘- ‘- ‘- ‘- ‘- ‘- ‘- “”‘"‘"" ”l‘-.. .. .. .. .. ..‘-..‘-. = rrrrrFr = =« = =« = = ". .. .. .. .. .. .. ..‘- - ..".'"" ..".‘""""..".'" H”!”HHH”H“H”I“'“-"-". .. . MMM NN b..TH.T.T.r .T.r.r.r.f.l“‘ "'-'-"'"'.'""-"..".'"""""
B B e - Rrs e
e e T e e B s
‘ e e e R e R R R R R R R T i i i » » ]
T R e AR A v T AR e R e e e e, e o """}
B B e B e S
e e, e e e e e e e R e R e e e, e e e e R R R ] e
- ._llll-lllll-lllll-llll ”.u““"ll“"ll“"l-“"ll“"ll“"l-“"ll“"ll“"l-ll e e e y - """"-_-""""""I_..""""""-_-_-""""-_-""""-_ -"" » ""--_"""-""""""""""""""--""""""" e [ e " » "-_ -"- PR FEEFFEEE R """""""""""
et ._ R e s ey

LY
A
A
Ly
A_A
A
|
|
"

A A
A A A
A
A A A A
A A A
A A

A A
L
A A
A A A A
A NN

LY
-I
--IH
A A
-I
A A
|

|
L
|

" s owom
A_A A A
l-I-I-l-
M_N_N

I-I-II
llllll

A A A A
M_M_HN_N
AA A

MM NN
A A A A
M_M_ NN
A A A
L

A A A A A A A A A A A
I-I-lnlllllllllll A A
M AN NN NN
A A AAAAAA NN
Mo AN NN NN
AA A A AN ANANA
M A AN AN N
AA A A A A AN AN
AN AN NN
L | l.l.ﬂ.ﬂ.l.ﬂ.ﬂ AN
l.l.l.l.l.il.l A A
AN NN NN
L ]
L

.
L] '
; x .
“EEEETRE -lllll-llll e II'I"I'I"I-I"." .
s E R R FFFFEERERN .._.._hnn.._n.._hnn.._n.._h.._n.._n.__.-.Ill_I EFEFEFEREER
.
..lllllllllllllll.._.._n.__.._.._.._.._.._.._.._.__.._.._.._.._.._.._.__i.._.._i.._.._.._.._.._.._.._.._.._.._.__.._.._.._.._.._.._.._.._.._.._n.._.._.__.__.._.._.._.._.._.._....Il-_III-.lIIII-.lIII'l
mrEEr .__n.__.__.__i.__n.__.__ni.__n.__n.__.__.__n.__n.__.._.__n.__.__.__.__.__n.__n.__.__.__n.._.__.__i.__n.__n.__i.__.__.__n.__i.__.-.l-.- B IIlI-..
 EEEER I ] '-'II
~EREERETR

LA
A
A
A
A
A

L
|
|
|

| B B W k b &k b b h bk b h b d b d b h b b kN h b h b h N b d b h s sk N E b h h ok o d drd b h kS
EEF E I DA DA RO DA DA RN DA DA RN DN R RN DA DO RN DA N RN DA DO RO DA A RON DOF RN BEF REF N REN BES RN REN DEN R REF DA N R DO RN RN DA RN REN DA R RN DA RN RN BN NN BN BN N
E FNF dre dr B ode b b o dr b B b b S b b b b b b b b b b e b b e b e b Sk d S b d b b b b b b b b e b b e b e b S b b SN

A
A
|

A

LY

|
|
b
.‘-.
||
I-I
Illllllllllll‘!lll
I:I
HII-IIII
|
|
|
-I
)
X
X
L}
L
L4
L}
L
L4
L}
L
L4
L}
L
L4
X
L
L4
L}
L
L4
L}
L
L4
X
L
L4
X
L
L4
X
X
L4
L}
X
L4
X
L
L4
L}
L
L4
X
L
L4
L}
L
L4
L}
L
L4
L}
L
L4
X
L
L4

N I I ot ol ot o o e
I I O I I I I I I e e T

I M N N N N M N N N O N N N N D N D N D N D N D N DL DL NP ai il nl mla
R u i i i i i i i i i i i i i i i e i i e e i i i i i i i »
EER

i R
TR
R
R
R
S
R

™
Y

||
H
o
H
A
A
A

”lllllllllli.l.iiiiiilI-'II IIIIIIHHHHHH.HL”H.

g
L A M
XX NN N NN N
llllj.}.j.j.lliii"l- IIIIIIHHIIHI Y ™,
o )
]

A
w X a KA A
x n"__."nua nHr. A r”.r”
B KR KRR KKK KR
x XA
. *

A
E |
E |
LY
A
A

e e, R ) O R R X R A A A
" T T e Y, T R e e A A
. i R R R R A W N AN
e e, Ca A 3N ) T I

" ....H....H....H....H._..”.4H#H...H.-H.-“i-_iiilliiliuluin lllllll"l"nnnnnnnnnnnﬂxxrnrrm b a

u ;
x L
> .r....r..............................-.......l....._.._ llllllllllllllllﬂlﬂlnxxxxxrnrxr _u_.

i
|
A

A

a

E
A
A

A
A
A
] X,
HHH
HHH A
.

EEEERR XX XN e
T Hx R e
lll"llnnlaaannnxnxaxxx Mo

x

£
A
A A

EY
|
|
|
|

B
EEEERXXX AL
.IIIIIIIIIIHHH - ] .FH”PHS.

HF
r

"=
LY

A

Ky L el )

& a0 de dp dp dp dr e i
” P P P T e M T el
...-l lI ll ll -.._ Wt ...r...r.r.r.r....r...............................-..q........_ ....____-_.-._-_.___

llllll Sk de o de dr o dp dp e i e

a a2 b b b Sk b b dodr kR L,

" A A Jr b A L
» Ll llll llll ll ini.__.._.__.._.r.._ .r.r.r.r”.r”.r”#”&.”#”&.”&.“l.”&.“l”l ll lll “I"l"l"l"l“l”ﬂ“ﬂ”ﬁ”ﬂ”ﬂ”ﬂ”!” _u_”
A & b bk LA
" ”nunnnn.._ T St P e e e i i lll"lll"n“l"l"annnnﬂnnnnrﬂn g
PN L A A,
e e PR e N
bk ke b de b o i o R L ] HEEEIRETIRINEIHR®}YN L
& kb de e de Jp e dp dp i L e ) EEEFEEXYXXRX
.._.__bb.-.-.r.r.r.r.r.r...................................-..-..-.l L] .-_.-_.-..-__-_.-._-_l HEEFERRENRERNRESY k
Sk b de e de My e ar e N E R R K XN AR
i .._.._.r.._ .r._1.r.r...k#b..##lb.}.b.}.}.l.l.l.l.l.liilliii || lll IIIIH X E N N .FHF k. v.v
.._.._n.._.__.r.__.r.r.r.r...r...t...................-........-.a.....-_....._...i.._-_i e ll lll lllll XX X N er. .o ”Hv
LI I RC n.__n.__.._.r.._._1.r.r.r..1.rb.k##l.#l.#l.}.l..-.l..-.lliliii.-_i.-_ | Illll IE X XXX HHH A Hu.. o
ror s s omoaoaoa ko kb d b b drodr b Rk EEEERERZETXEXENNNNN
e T e e, R e A
N RN .__.._.r.r.r.rtr..................................-........._....._.._-.-_ lllll H H A
I
I
n

A
i
A

n

i |
n

Al
L]
LY

Illllllllﬂllﬂﬂ N

rr s oEn
rroE omomoadk kA NN A
LN T T N NN N B A A M M "

Foromomomoa kb e de de o de drodp i i
L B R ]
For e omoaa a ke d d d ke ke R R R B

Forom owoaoa kA e e de dr i dp i W e e e
Poromomoa e kA e e e dpdr iy e i
Foromomoaoa A M ey iy i i e
Foromomoaoa kb e de deodrodp i i i
roromomomom k d g b drodp dp ot i W
ror s omom oa b ok o b Jr o Jrodp dp i O g

N R I 0 M

r e e

rr omoaoaom k kA .r.........-...:.........l......-.l..-.l.ll.-_.-..-_i.-.i

]
K
|
|
|
|
]
L
E
]
K
|
]
|
|

|
F
.
o
W W

H
b

&,
4
X

)
o
w

F
e
-]
W
o
W
|
|
A AN A NN
|
|
.l

10A

m%
. u..u_ A
o

?d??l'. -
%

.

||

ot

| |

"

M
e

)

I:: | |
AN A M nA I.I | |
o]

oy
un

nw

N e O )
et

HIIII...I

For s om omoaomoa ke b de dod o dodp i it & o

H
--lﬂﬂﬂﬂxﬂuﬂ.ﬂ?’.
Foromom o oa koa kA e dede dp g dp i e M A A A
r 11-1-I-h-Il.rl.T.r.T.r.T.T.T.T.T.Tb..:.b..:.l..:.l.b.l.b.l.}.l.l.‘l.‘i g HEEEXRENXESRXTX HRH.HH. H.ﬂ’..
E M
7 F ]
4

|

|

|

A
=
|

Al

Al

J Hﬂﬂﬂﬂaﬂﬂlllﬂll

Al

?d"?l"

H":iuﬂaﬂﬂl-l-l-l-l..

o
ror 11-1-|-lhlh.__.r.__.-.__.-.r.r._1.r.:..r.:.b..:.b..:.l.l.b.l.l.l.l.l.l.ll.llili L BN EFEERENXETXNEXN N !.H
E

x ....
e s 0%
rr e omaoa .
rr s osa n.._.__.__.._.r.._.r....r.r.r.t...........................l..-..-.l..-..-..-..-.ll | 4] | ] E i

Bk he O b de e g ke ke iR e

A A A KK KK
A N KN NN

M A A A
rroao HEEREREIRFESXES NN
roronomoa sk h kA g A i R IIIIIIIHHHH!HIlIII .
roroE o moaoa ok kS A U i i e B EE R XXX XN NN K =
E I I
o A odr i & & IIIIIIIIHHHHHHHHHIIII L]

=
"
X

"
e
]

i
-
"

M
"
My
HAeEn
o
Il:l.ll
-'Illl?ll

,

] A
ERERERRE XX RN N AN
e nalanaanxnaxaxxuxrxu”xv.:l

M

e
"

FIG. 10B

o
-

T
S

rroaon
ettt .r.r.rt.;..v....r......}....}.....-.....-..-..-.l.i.-..-_i.-_l
rom omomoaom k k ke b d dr dr dpodp i 0
r e omonoa i.._.__.._.__.r.__.r.r.r.rt.r.;.....;....}.}..._....#.-..-.l..-.kj..-.l.-_.-_
R R N T T T T T o S up i M i

= om
e e e .r.r.r.r.r.v....__............._....l..-.l.l.l..-.lll.-_i

FIG.

]

-
n g e
o
o
man e
n g e
o
o
men e
e
e

W
S
S
W
S
S
o
S

W

S
S
W
S
S
o
S

b
-
-
b
-
-
-
-

ll-..
T

b & & N W oS
o D e

o 1 T T e
i ._-._-._-._-._-._-._-._- '

e
n"lll"lll"lnl"lll" ll-
e
| | llllllllllllllllllllll llllll
A
. R
-IIIIIIII II"I"I“I“IIII II II II Illlll llllll

e R R R e

o
T
o
T
o
T

e
T
e
T
e

"

B
e

"l
"
e
"
e

FIG. 11C

FIG. 10C



US 9,423,306 B2

1

METHOD AND APPARATUS FOR
WAVEFRONT SENSING

CROSS-REFERENCES TO RELAT
APPLICATIONS

T
w

This application claims priority to U.S. Provisional Patent
Application No. 61/923,362, filed on Jan. 3, 2014, entitled

“Apparatus and Method for Wavelront Sensing,” the disclo-
sure of which 1s hereby incorporated by reference in its
entirety for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

This invention was made with Government support under
Contract No. DE-FC52-08NA28302 awarded by the United
States Department of Energy. The Government has certain
rights in the 1invention.

BACKGROUND OF THE INVENTION

Numerous techniques have been used for wavelront sens-
ing. Generally, wavelront sensors are used to measure aber-
rations 1n an optical waveltront.

Although various techniques have been used to implement
wavelront sensors that measure the characteristics of wave-

fronts, there 1s a need 1n the art for improved methods and
systems related to wavelront sensing.

SUMMARY OF THE INVENTION

Embodiments of the invention generally relate to the field
of optical wavetront sensing. More particularly, the methods
and apparatus described herein relate to enhanced wavelront
characterization using, for example, a checkerboard ampli-
tude mask based on the principle of lateral shearing interfer-
ometry (LSI). In aparticular embodiment, methods and appa-
ratus are provided that overcome the spatial resolution limit
associated with conventional waveiront sensing techniques,
for example, lateral shearing interterometry (LSI).

According to an embodiment of the present invention, a
method of measuring characteristics of a wavetront of an
incident beam 1s provided. The method includes obtaining an
interferogram associated with the incident beam passing
through a transmission mask and Fourier transforming the
interferogram to provide a frequency domain interferogram.
The method also includes selecting a subset of harmonics
from the frequency domain interferogram, individually
inverse Fourier transforming each of the subset of harmonics
to provide a set of spatial domain harmonaics, and extracting a
phase profile from each of the set of spatial domain harmon-
ics. The method further includes removing phase discontinui-
ties 1n the phase profile, rotating the phase profile, and recon-
structing a phase front of the wavetront of the incident beam.

According to another embodiment of the present invention,
a method for performing optical wavelront sensing. The
method includes providing an amplitude transmission mask
having a light input side, a light output side, and an optical
transmission axis passing from the light input side to the light
output side. The amplitude transmission mask 1s character-
ized by a checkerboard pattern having a square unit cell of
s1ze A. The method also 1includes directing an incident light
field having a wavelength A to be incident on the light input
side and propagating the incident light field through the
amplitude transmission mask. The method further includes
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2

producing a plurality of diffracted light fields on the light
output side and detecting, at a detector disposed a distance L

from the amplitude transmission mask, an interferogram
associated with the plurality of diffracted light fields. The
distance satisfies

O{L{IAE 1A22 1{L{1A22 + 1
g g s begrry

where n 1s an 1nteger greater than zero.

According to a specific embodiment of the present inven-
tion, a wavelront sensor 1s provided. The wavelront sensor
includes an amplitude-only transmission mask characterized
by a checkerboard pattern having a unit square cell of size A
and a detector disposed at a distance, L, optically downstream

of the amplitude-only transmission mask. The distance satis-
fies

Cv--a:)[,--::lA2 1A22 I{L{IAZQ +1
g Mgy b g

where A 15 the wavelength of the incident field and n 1s a
positive integer. The wavelront sensor also 1includes a com-
puter coupled to the detector.

According to an embodiment of the present invention, a
compact wavelront measurement system and data analysis
method 1s provided. The wavelront sensor includes a check-
erboard amplitude-only transmission mask disposed a prede-
termined distance 1n front of a detector. An 1ncident wave-
front, which 1s defined by a phase front and an intensity
profile, 1s diffracted through the checkerboard mask. An
image of self-interference between the replicated difiracted
beams 1s detected. The frequency domain analysis of the
diffraction pattern created by the checkerboard mask enables
the extraction of a high resolution wavefront map in the
incident field. This extraction process involves a Fourier
domain structure of the cross-terms between the diagonal and
zero-order diffraction fields belonging to the checkerboard
mask.

Numerous benefits are achieved by way of the present
invention over conventional techniques. For example,
embodiments of the present invention provide methods and
systems that provide physically and mathematically simpler
apparatus 1n comparison to conventional systems. Moreover,
embodiments of the present invention provide improvements
in measurement results, for example, higher spatial resolu-
tion, easier manufacturability, and size scalability, than con-
ventional systems. These and other embodiments of the
invention along with many of 1ts advantages and features are
described in more detail in conjunction with the text below
and attached figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective diagram illustrating elements of a
wavelront sensing system according to an embodiment of the
present invention.

FIG. 2 15 a side-view of elements ol a wavelront sensing
system according to an embodiment of the present invention.

FIG. 3A 1s diagram illustrating a Hartmann mask.

FIG. 3B 1s a frequency domain plot of the intensity asso-
ciated with the Hartmann mask illustrated in FIG. 3A.

FIG. 4A 1s a diagram 1illustrating checkerboard pattern
transmission mask.
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FIG. 4B 1s a frequency domain amplitude plot of the ampli-
tude associated with the Checkerboard pattern transmission

mask i1llustrated 1n FIG. 4A.

FI1G. 4C 1s a frequency domain plot of intensity associated
with the Checkerboard pattern transmission mask illustrated
in FIG. 4A.

FIG. 5A 1s a diagram 1illustrating a unit cell of the check-
erboard pattern transmission mask 1illustrated in FIG. 4A.

FIG. 5B 1s a frequency domain plot of associated with a
measured interferogram associated with the rotated checker-
board pattern transmission mask illustrated 1n FIG. 4A.

FIG. 6A 1s a plot illustrating a wavelfront measurement
made using an embodiment of the present invention.

FIG. 6B 1s a plot illustrating a wavefront measurement
made using a conventional Shack-Hartmann sensor.

FIG. 6C 1s a plot illustrating the difference between the
plots 1n FIGS. 6 A and 6B.

FI1G. 7 1s a diagram illustrating the use of an embodiment of
the present mnvention in aligning hexagonally segmented mir-
rors according to an embodiment of the present invention.

FIG. 8 1s a method of measuring a wavelront according to
an embodiment of the present invention.

FIG. 9 1s a schematic diagram illustrating a wavelront
sensor according to an embodiment of the present invention.

FIG. 10A 1s a plot 1llustrating a phase profile for a first
harmonic according to an embodiment of the present inven-
tion.

FIG. 10B 1s a plot illustrating an unwrapped phase profile
for the first harmonic according to an embodiment of the
present invention.

FI1G. 10C 1s a plot illustrating a rotated phase profile for the
first harmonic according to an embodiment of the present
ivention.

FIG. 11A 1s a plot illustrating a phase profile for a second
harmonic according to an embodiment of the present inven-
tion.

FIG. 11B 1s a plot illustrating an unwrapped phase profile
for the second harmonic according to an embodiment of the
present invention.

FI1G. 11C 1s a plotillustrating a rotated phase profile for the
second harmonic according to an embodiment of the present
invention.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Various techniques have been used to perform wavetront
sensing. Heterodyne interferometers such as Michelson,
Fizeau, or Mach-Zehnder schemes can require separate ret-
erence beams and are bulky. Homodyne interferometers
based on interference between the original field and 1ts spa-
tially sheared replicas are called lateral shearing interferom-
eters. Hartmann sensors, Ronchi tests, Shack-Hartmann sen-
sors, like lateral shearing interferometers, do not require
on-line reference beams. Hartmann sensors use a two-dimen-
sional array of holes whose dimensions are well known. The
projection of the image of the holes on a detector further away
carries the spatial denvative information from which the
wavelront can be reconstructed. Shack-Hartmann sensors
improve the low signal-to-noise ratio in the Hartmann sensor
by using an array of microlens istead of holes. The deviation
of the centroid of each focal spot from the micro-lens, as 1n
Hartmann sensors, contains spatial slopes information that
can be integrated to reconstruct a waveiront map.

Shack-Hartmann wavelront sensors are used in diverse
fields, including astronomy, eye diagnostics, and laser beam
correction. However, these wavefront sensors have the disad-
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vantage of not being able to measure relative piston terms
coming from segmented optics. Incoherent background noise
1s another problem with this type of sensor since background
room light distorts the centroiding of each microlenslet cell.

An alternative to this type of waveiront sensing 1s to use the
technique of lateral shearing interferometry (LLSI), which 1s
not affected by incoherent background light and can be used
to detect relative piston terms. One version of a lateral shear-
ing interferometer uses a special two-dimensional amplitude-
phase grating (such as a Hartmann or Shack-Hartmann mask
as 1llustrated 1n FIG. 3A) and 15 based on multi-wave seli-
interference coming from the grating. This approach requires
using both a phase and amplitude grating, which 1s relatively
expensive to manufacture and not easily scalable to a larger
S1Z€.

The transmission function of a periodic mask (grid) where
A, A, are periods in the X and y directions can be written as

Ph e 2T

I'ix,v)= Z cmgﬂexp(ﬁf\—mx + ﬁA—ny].,

(1)

m.n

where ¢, , are the Fourier coefficients that uniquely represent
a particular two dimensional periodic structure such as a grnid
or the Hartmann mask as illustrated in FIG. 3A. In general, the
Fourier coefficients (c,,,,) are complex numbers. Thec,, , of
a Hartmann mask, for example, are distributed at all indices of
(m,n) as shown in FIG. 3B. Fach grid in FI1G. 3B 1s in units of
inverse period of the (Shack-) Hartmann cell.

Each term 1n the summation in Eq. (1) with m=0 or n=0 can
be referred to as a harmonic or a carrier and the term with m=0
and n=0 as a DC term. As any one-dimensional periodic
structure can be represented by the sum of a DC term and
harmonics, the two-dimensional periodic structure such as
the Hartmann mask can also be represented by the sum of a
DC term and two-dimensional harmonics that has two fun-
damental frequencies 1n the x- and y-directions, respectively.

Electric-field propagation over a distance L through a gnid
or mask can be similarly represented as a Fourier series.
When the electromagnetic field 1s detected on a CCD after
propagating through a Hartmann mask, for example, its Fou-
rier coetlicients are multiplied by propagation factors (A, )
according to the propagation distance L and the wavelength,
and the time integrated intensity (notthe E field) 1s detected at
the detection plane. The mathematical expression on the
detector follows a form of the absolute squared of the above
expression with ¢, replaced withc, A -

Tt FE FriF”

H(x, y) = (2)

2rnilm—m')x  2xiln—n')y
AI + A e

E : 4 #
Cm,ﬂcm,n Am,ﬂ A m,ﬂexp

!

¥
mpn,m nt

where the asterisk denotes a complex conjugation operation.
The difference indices (im—m') and (n-n') can be graphically
understood as the distance between the dots 1n FIG. 3B. As
described more fully below, the Fournier representation of the
intensity of the E field, 1.e., the modulus squared of the field
for a Hartmann mask, presents a complicated structure. Even
the first order term corresponding (m—-m', n—n')=(1,0) has an
infinite sum of other harmonics. One of these sets can be
{(m=1, n=0), (m=0, n=0)} or {(m=2, n=-3), (m'=1, n'=-3)},
etc.
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As described herein, embodiments of the present invention
extract the wavelront based on orthogonal harmonics 1n the
frequency domain, 1.¢., the open or white dots 407a, 4075,
407¢c, and 4074 1n FIG. 4C nearest the origin, for example,
located at an angle (e.g., 45 degrees) from the x and v axes.
The use of a polynomual fit to the recovered wavetront slopes
only provides a relatively low resolution wavetiront map. In
some conventional methods, the harmonics used in the Fou-
rier analysis methods 1s only a first order approximation. This
approximation prevents further improvement 1n the spatial
resolution of the wavetront being reconstructed.

FIG. 1 1s a perspective diagram 1llustrating elements of a
wavelront sensing system according to an embodiment of the
present invention. Referring to FIG. 1, the wavelront sensor
100 provided by embodiments of the present invention
includes a number of elements. Incident wavefront 101, with
a generally non-planar phase front, 1s represented by wavy
lines as appropriate to a non-planar waveiront. The wavelront
101 passes through and 1s diffracted by amplitude-only
checkerboard pattern transmission mask 102 1nto a zero-
order (arrow 104) and four diagonal first-order terms (arrows
105a,105b, 1064, and 1065) 1n the embodiment illustrated 1n
FIG. 1, which can be considered as four edges of a pyramid.
The first-order terms, also referred to as first-order diffracted
orders, are illustrated in FIG. 1 by two arrows lying on the
diagonal edges (arrows 105a and 1055) and two arrows lying
on the anti-diagonal edges (arrows 106a and 1065). Thus, two
dimensional diffraction 1s illustrated in FIG. 1.

In some 1mplementations, the checkerboard pattern mask
1s an amplitude-only mask, fabricated, for example, by pat-
terming a chrome layer deposited on a fused silica or other
suitable substrate. In these implementations, the phase impact
of the light passing through the substrate on which the pattern
1s formed 1s negligible. The higher-order diffraction terms are
not shown 1n FIG. 1 for purposes of clarity. The diffracted
zero-order beam 104 and the diffracted first-order beams
105a/105b6 and 106a/10656 nterfere together at a predeter-
mined distance from the mask 102 and form interferogram
108 at a detector plane 110 of an 1imaging device 112, which
can correspond to the imaging plane of a detector, such as a
charge-coupled-device (CCD) camera.

FIG. 2 1s a side-view of elements of a waveiront sensing,
system according to an embodiment of the present invention.
The wavelront sensing system illustrated 1n FIG. 2 corre-
sponds to the wavelront sensing system 1llustrated in FI1G. 1,
but presented in one dimension. It will be appreciated that an
analogous diagram could be prepared the for the orthogonal
direction. As discussed above, for purposes of clarity in FIGS.
1 and 2, the optical operation of the wavetront sensor 1s
illustrated only considering the zero-order and first-order dii-
fraction terms (two diffracted orders 1n each of the x and y
directions). The diffraction of the wavetront 101 through the
checkerboard mask 102 can be considered (1n one dimension)
as propagation of the zero-order diffracted beam 204 and two
first-order (205a and 20355) diffracted beams. The zero-order
beam 204 propagates 1n the same direction as the incident
beam. These difiracted beams (204/2054/205b) correspond
to the diffracted orders (104/10354/105b) discussed in relation
to FIG. 1.

The first-order beams 203a and 2055 propagate at an angle
with respect to the zero-order term. Immediately after the
amplitude-only checkerboard mask 102, the three fields are
overlapped. At a distance L away, they separate from each
other because they are propagating in different directions.
These laterally separated beams propagating at an angle with
respect to each other, interfere together to form an 1nterfero-
gram 108 at the detector plane 110 of the imaging device 112,
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at which a CCD or other suitable detector can be placed. The
1-D picture of the interferogram 1illustrated in FIG. 2 can be
analogously represented by an FM radio signal in two dimen-
s1ons 1n which the modulation frequency 1s varied locally. In
other words, the iterference pattern 1s a result of the local
frequency that 1s modulated as a function of the features of the
incoming wavelront. As described herein, embodiments of
the present invention analyze the local frequency shift 1n two
dimensions to extract the phase information associated with
the mncoming waveiront 101.

FIG. 3A 1s diagram illustrating a Hartmann mask featuring
square/rectangular apertures arrayed on a dark background.
Round apertures can be used as well. In some implementa-
tions, this mask 1s referred to as a Shack-Hartmann mask.

FIG. 3B 1s a frequency domain plot of the intensity associated
with the Hartmann mask 302 illustrated in FIG. 3A. As 1llus-

trated 1n FIG. 3B, the distribution of diffracted field or har-
monics 301 in the frequency domain 1s periodic in the spatial
frequency domain as appropriate to the Hartmann (or Shack-
Hartmann) mask 1llustrated 1in FIG. 3A. A Fournier transform
of the Hartmann mask illustrated 1in FIG. 3A produces the
harmonics existing at the frequencies illustrated in FIG. 3B.

FIG. 4A 1s a diagram 1illustrating checkerboard pattern
transmission mask. As illustrated 1n FIG. 4A, an amplitude-
only transmission mask 1s utilized as an element of the wave-
front sensor 1n some embodiments.

FIG. 4B 1s a frequency domain amplitude plot (i.e., related
to the electric field) associated with the Checkerboard pattern
transmission mask 1llustrated in FIG. 4A. In the frequency
domain, the Fourier transform of the amplitude only trans-
mission mask produces amplitude peaks 404 at frequency
values associated with the periodicity of the mask. In particu-
lar, the harmonics 405a and 4055 are the harmonics closest to
the origin 402.

As 1llustrated in FI1G. 4B 1n comparison with FIG. 3B, the
checkerboard pattern mask has fewer spatial frequency com-
ponents 1n the spatial frequency domain than those associated
with the Hartmann mask. Accordingly, as illustrated 1n FIG.
4B, 1n the frequency domain, a number of the multiples of the
fundamental frequency components are missing in the fre-
quency domain, providing a sparser frequency domain plot.

FIG. 4C 15 a frequency domain plot of intensity associated
with the Checkerboard pattern transmission mask 1llustrated
in F1G. 4A. Because the intensity 1s proportional to the square
of the amplitude (e.g. the modulus squared), the intensity

distribution 1s periodic, similar to the frequency domain
amplitude plotin FIG. 4B. In FIG. 4C, the harmonics at 407a,

407b, 407¢c, and 407d are highlighted by an open circle. The
difference 1n shading 1n this figure 1s merely used to represent
that harmonics 407a-407d are of particular interest for analy-
s1s. In particular, to generate the harmonic 407a, only three
values are needed, greatly simplifying the analysis: the origin
402, the harmonic 405q 1n the first quadrant closest to the
origin, and the harmonic 405¢ 1n the third quadrant closest to
the ongin. Likewise, to generate the harmonic 4075, only
three values are needed: the origin 402, the harmonic 40556 1n
the first quadrant closest to the origin, and the harmonic 4054
in the third quadrant closest to the origin.

As discussed above, T(X, v) 1s the transmission function of
a periodic mask and A, A,, are periods in X and y directions.
A two dimensional periodic structure can be umquely repre-
sented by its Fourier coetflicients ¢, , as expressed in Eq. (1).
Contrary to the dense distribution of the Fourier coefficients
(301, as shown in FI1G. 3B) for a conventional Hartmann mask
(302 as shown in FIG. 3A) or for a conventional Shack-
Hartmann lenslet array, the Fourier coetficients, ¢, ,, 404,
belonging to an amplitude-only checkerboard pattern 102 as
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shown 1n FIG. 4A, are all zeros at even indices except at (0,0).
Non-zero terms are shown as frequency domain amplitude
peaks 404 1n FIG. 4B.

With further reference to Eq. (2) above, the difference
indices (m-m') and (n-n") can be graphically understood as
the distance between the peaks 404 1n FI1G. 4B and dots 301 in
FIG. 3B. For an amplitude-only checkerboard mask 102, the

difference 1indices have non-zero terms only at (m-m', n—n')=
{(O:O): (1:1): (1:_1): (_1:1): (_1:_1): (250): (2:2): (052): (_2:2):
(-2,0), (-2,-2), (0,=2), . .. }. The locations of the non-zero
terms are shown in FIG. 4C. The (m-m', n—n")=(0,0) term
comes from multitudes of sets such as {(m=0, n=0), (m'=0,
n'=0)} or {(m=1,n=-2), (m'=1, n'=-2)}. There are an infinite
number of sets contributing to the (m-m', n-n')=(0,0) term, but
in practice the actual number of terms are limited due to
physical optics.

On the other hand, the term corresponding to (m-m',
n-n')=(1,1) comes from only two terms, that is, {(m=1, n=1),
(m'=0, n'=0)} and {(m=0, n=0), (m'=-1, n'=-1)}. This corre-
sponds to the peak 407a 1n the first quadrant of FIG. 4C.
Likewise, the other peaks 4075, 407, and 407d correspond to
(m-m', n-n")=(-1,1) or (-1,-1) or (1,-1) and all these terms
involve the sum of only two terms each. The other higher-
order terms involve more than two terms. The Fourier repre-
sentation of the intensity of the field, that 1s, the modulus
squared of the field for a Hartmann mask has no such simple
structure. Even the first-order term corresponding (m-m',
n-n')=(1,0) has an infinite sum of other harmonics. One of
these sets can be {(m=1, n=0), (m'=0, n'=0)} or {(m=2,
n=-3), (m'=1, n'=-3)}, etc. The simplicity in the number of
fields interacting in the diagonal terms of intensity measured
through the amplitude-only checkerboard mask (peaks 407 a-
4074 1n F1G. 4C provides the benefits and advantages enabled
by the present invention.

The Fourier transform of the measured interferogram has
peaks 1n locations as shown 1 FIG. 4C. As described more
tully below, embodiments of the present invention utilize the
diagonal terms (peaks 407a-407d in FI1G. 4C). The intensity

(1.e., the magnitude squared) of the incident field 1s

[l

I=Ya(lH | 1+IH_ | (+IH, +IH | D) (3)

The phase of these terms after inverse Fourier transforma-
tion have phase difference information of the incident wave-
front 1n x- and y-directions. They can be expressed as

d A, 4
327 = g ety —arghoy +atghy - —argho )

3 A,

ﬂip ) m(mgml targH- —argh - —arghy 1), ,

where ¢ 1s the incident phase front 1n units of radians and ‘arg’
denotes the operation of taking phase of a complex number.
H(x1, £1) are the inverse Fourier transformed diagonal terms
as shown by peaks 407a-407d FIG. 4C. The phase can be
reconstructed by integrating the denivatives 1n Eq. (4) as
described more fully below. The process described so far
cannot resolve the wavefront map beyond the spatial resolu-
tion limait of shear

imposed by conventional lateral shearing interferometry
schemes.
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Some embodiments of the present invention improve the
wavelront resolution by point-by-point optimization as fol-
lows:

As described inregard to FIGS. 4A-4C, each diagonal term
of the amplitude-only checkerboard mask interferogram 1s
made of the sum of only two terms:

H(1,D~E(1,1)E0,0)*+E(0,0)E(-1,~1)*
H(-1,)~E(=1,1)E(0,0)*+E(0 0)E(1,~1)*
H(-1,~1)~E(-1,~1)E(0,0)*+E(0,0)E(1,1)*

H(1,~D~E(1,~1)E(0,0)*+E(0,0)E(-1,1)*. (5)

where E(n,m) represents electric field harmonics shown in
FIG. 4B (405a~d) and the asterisk denotes complex-conju-
gation operation.

As these harmonic terms are theoretically functions of the
amplitude and phase of the incident electromagnetic field, a
direct comparison between the measured harmonics and the
estimated harmonics can be made. More specifically, one can
optimize point-by-point values of amplitude and phase by
minimizing the error metric defined as

: ' 7
mlﬂ¢,z4.rj‘2m=tlﬂ=tl |Hmﬂ€5“mﬂf€ A’q))_
H meastired |2 dx d}?

(6)

The starting value of the amplitude and phase maps are
given by the first step reduction [Egs. (3-4)]. The point-by-
point optimization proceeds ifrom the low-resolution wave-
front map obtained from the first step to the estimation of a
higher resolution map by directly matching the more exact
mathematical expression of the given measured quantity. In
practice, only non-diagonally paired harmonics are used
becauseargH, (=-argH_, _,,andargH_, =-argH, _, from
the Fourier transform theorem of a real function. Therefore
the number of harmonics to be handled 1s reduced from four
to two 1 some embodiments by this simplification. The
point-by-point optimization process utilized herein provides
a higher resolution phase map than the first-order zonal
method represented by Eq. (4) and other modal phase recon-
struction methods.

FIG. 5A 1s a diagram 1llustrating a umit cell of the check-
erboard pattern transmission mask 1llustrated in FIG. 4A. As
illustrated 1n FIG. 5A, an amplitude-only checkerboard trans-
mission pattern mask can be manufactured by etching a
chrome layer on a 19.1 mm diameter fused-silica substrate.
As will be evident to one of skill in the art, other low trans-
mission layers on other substrates can be utilized as appro-
priate to the particular implementation. The dimension of the
umt cell as shown i FIG. 5A 1s 60 um square (1.e.,
A=A, =A=60 pm), although other dimensions can be uti-
lized, for example, up to about 10 times larger than the pixel
s1ze of the detector used to detect the interferogram. Addi-
tionally, unit cells utilizing rectangular (1.e., A, and A,), cir-
cular, and other shapes are included within the scope of the
present mvention. In one embodiment, the patterned mask
was mounted directly 1n front of a 12-bit CCD camera.

FIG. 5B 1s a frequency domain plot associated with a
measured interferogram associated with the rotated checker-
board pattern transmission mask 1llustrated 1in FI1G. 4A/FIG.
5A. The mterferogram 108 obtained using the checkerboard
pattern transmission mask was Fourier transformed and the
interferogram 1n the Fourier domain, also referred to as a
frequency domain interferogram, 1s shown in FIG. SB. As will
be noted, the mask was rotated with respect to the CCD axes
during the measurement, resulting 1n the peaks 1n the mea-
surement not aligning with the x and y axes. Referring to

FIGS. 4C and 3B, harmonic 407a corresponds to H, |, har-

m.n
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monic 4075 corresponds to H_, ;, harmonic 407¢ corre-

sponds to H_, _,, and harmonic 4074 corresponds to H, _,.
In FIG. 5B, the spatial-frequency axes are divided by umit

trequency K, =270/ A,;,,. The scale 1s compressed to bring

out details of sidelobe wing structures. Using embodiments of 5

the present invention, 1t 1s unnecessary to carefully align the
mask parallel to the CCD axes since the rotation angle can be
calculated by, for example, the centroid of the H, ;. The
slopes are then rotated into the CCD axes using the angle as
described in relation to FIG. 8. During operation, spots
appearing at unexpected locations can be attributed to sec-
ondary retlections in the system.

As described more fully below, the frequency of the har-
monics, for example, harmonic H, ;, will be a function of the
carrier frequency of the mask and a small change 1n frequency
resulting from non-uniform phase 1n the incident wavetront.
For a wavelront with a uniform phase front, each of the
harmonics H, ;, H_, ;, H_, _;, and H, _; would be repre-
sented by a frequency profile similar to a sync function, an
Airy function, or the like depending on the spatial shape and
finite extent of the incident wavelront. As the wavelront var-
ies from a uniform phase front, the frequency content of the
harmonics will be blurred as a result of the local modulation.
The measurement and analysis of this blurring 1s then used to
determine the characteristics of the incident wavetront.

The Fourier-domain interferogram in FIG. SB shows faint
dark lines between the sidelobes. Two dashed white lines are
overlaid on these lines to aid in their 1dentification. These
lines are caused by the destructive interference at the quarter-
Talbot distance, referred to herein as Talbot lines. In some
embodiments, 1t 1s advantageous to set the distance L between
the mask and the detector optically downstream of the mask
so that the number of the Talbot lines are minimized and their
location s centered between the originand the H, ; ., peaksto
maximize spatial bandwidth. In the data shown in FIG. 5B,
there are two Talbot lines. The distance from the origin to the
nearest Talbot line can be computed as K,=nA/(2)"*AL. L
can be roughly estimated using K, or can be more precisely
determined by using a known wavelront-calibration source.

The inventors have determined that positioning of the
detector with respect to the mask at a distance

_AZ A% 3A%T 5A°
CO8AT 4A7 4A 7 4a T

L

results 1n destructive interference between the first and zeroth
order diffracted beams. As a result, the fringe visibility 1s very
low at these distances. Accordingly, 1n order to improve per-
formance, A*/82 or the odd-integer multiples of A*/4A can be
avolded by positioning the mask and detector such that the
distance between them 1s 1n accordance with

0<L LA 1A22 D)< L IAEQ |
< {ET or ZT(H— ){ {ZT( i + ),

where A 1s the wavelength of the imncident field and n 15 a
positive mteger (1, 2, 3, . . . ). In some embodiments, L 1s set
at a distance that 1s 1n a range of values between the distances
at which destructive interference occurs. One of ordinary skill
in the art would recognize many variations, modifications,
and alternatives.

As will be evident to one of skill in the art, L. 1s not fixed for
a given wavelength, but can be defined by a range. A fixed L
can be utilized for broad range of wavelengths with L satis-
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tying the inequality conditions, or in other words, L 1s a
predetermined distance away from the distances associated
with destructive interference.

As an example, for incident light in the wavelength range
from 10 nm to 2,000 nm, including soft-x-ray, ultraviolet,
visible, and near-inirared spectra, L 1s typically in the range of
] mm=L=10mm. Although some embodiments are described
in relation to optical wavelengths, embodiments of the
present invention are not limited to optical applications and
other wavelength regions, including microwave, are included
within the scope of the present invention.

FIG. 6A 1s a plot illustrating a wavelront measurement
made using an embodiment of the present invention. FIG. 6B
1s a plot 1llustrating a wavelront measurement made using a
conventional Shack-Hartmann sensor. FIG. 6C 1s a plot 1llus-
trating the difference between the plots 1n FIGS. 6A and 6B.
Referring to FIGS. 6A and 6B, a random wavelront was
generated by a spatial-light modulator and reconstructed
wavelronts were measured using an embodiment of the
present mvention (FIG. 6A) and using a Shack-Hartmann
sensor (FI1G. 6B). As illustrated 1n FIG. 6C, the difference 1n
the phase fronts between the two wavelront maps 1s 0.19
waves 1n peak-to-valley and 0.03 waves in root mean square
(rms) at 1.053 um wavelength, which demonstrates that
embodiments of the present mnvention provide performance
comparable to Shack-Hartmann sensors.

FIG. 7 1s a diagram illustrating the use of an embodiment of
the present invention 1n aligning hexagonally segmented mir-
rors according to an embodiment of the present invention.
Hexagonally segmented mirrors are often used 1n large astro-
nomical telescopes. Three regions of the checkerboard trans-
mission mask are printed on a single substrate. The orienta-
tion and the location of these regions are designed such that
they overlap the boundaries or seams of the hexagonal mirror
segments 1n the 1mage of the hexagonal mirrors. Referring to
FIG. 7, a mask 701 could include (three) amplitude-only
checkerboard patterns 102a, 1025, and 102¢ onented 1n dii-
terent directions on a single plate. The dotted hexagons 705
represent segmented hexagonal spherical mirrors. In general,
the wavelront reflected from these segmented surfaces 1s not
continuous due to piston differences between the hexagonal
segments. The interference from each pattern could be used to
co-phase the three mirrors. One of ordinary skill 1n the art
would recognize many variations, modifications, and alterna-
tives.

FIG. 8 1s a method of measuring a wavetront according to
an embodiment of the present invention. As described below,
the method can be used to compute a phase front profile of an
incident beam. The method 800 includes obtaining an inter-
ferogram associated with an incident beam, characterized by
a wavelront, passing through a transmission mask (810). The
transmission mask can be a checkerboard pattern transmis-
sion mask, for example, an amplitude-only transmission
mask. The interferogram can be represented by the intensity
proportional to the value computed 1n Eq. (2).

An exemplary iterferogram 1s illustrated as interferogram
108 1n FIGS. 1 and 2. The method also includes Fourier
transforming the interferogram to provide a Irequency
domain interferogram (812). Referring to FIG. 5B, the fre-
quency domain plot associated with a measured interfero-
gram associated with the Checkerboard pattern transmission
mask 1s an exemplary frequency domain 1nterferogram.

As 1llustrated i FI1G. 5B, the frequency domain interfero-
gram 1ncludes a number of harmonics. The method 1includes
selecting a subset of harmonics from the frequency domain
interferogram (814) and individually mmverse Fourier trans-
forming each of the subset of harmonics to provide a set of
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spatial domain harmonics (816). During the selection pro-
cess, the subset of harmonics can be cropped to remove con-
tributions from higher order harmonics and to reduce the
number of samples for faster processing. Referring to FIG.
5B, the harmomies H, |, H_, ;,H_, _;,andH, _, are circled to
illustrate cropping of the harmonics 1n the

frequency domain.
In an embodiment, the subset of harmonics includes the har-
monics closest to the originin each quadrant (e.g., H, , H_, |,
H_, ,,and H, _)). In another embodiment, the subset of har-
monics consists of the harmonics closest to the origin 1n two
adjacent quadrants (either H, ;,andH_, ;orH_, ;andH, _,).
In some embodiments, the frequency domain interferogram is
represented by a matrix and smaller matrices centered on the
harmonics are utilized to perform the cropping function. One
of ordinary skill in the art would recognize many variations,
modifications, and alternatives.

After selection and cropping of the harmonics, a down-
sampled set of harmonics 1s available for use 1n performing
the 1nverse Fourier transform. As will be evident to one of
skill in the art, the centering of the harmonics during the
cropping process removes the carrier frequency, resulting 1in
spatial domain down-sampled harmonics, referred to as spa-
tial domain harmonics, as a result of the inverse Fourier
transform. The result can be considered as an array of com-
plex values related to the amplitude and phase of the incident
wavelront.

The method further includes extracting a phase profile
from each of the set of spatial domain harmonics (818). For
cach harmonic, the phase profile will represent a linear com-
bination of the slopes of the phase 1n the x and y-directions as
discussed in relation to Eq. (4), more particularly, the mnver-
sion of Eq. (4). F1G. 10A 1s a plot illustrating a wrapped phase
profile for a first harmonic according to an embodiment of the
present invention. FIG. 10B 1s a plot illustrating an
unwrapped phase profile for the first harmonic according to
an embodiment of the present mvention. FIG. 10C 1s a plot
illustrating a rotated phase profile for the first harmonic
according to an embodiment of the present invention.

As 1llustrated in FIG. 10A, the slope of the phase of har-
monic H, | 1s llustrated in the x-direction and the y-direction.
For reference, refer to harmonic 407a in FIG. 4C and har-
monic H, | i FIG. 3B. The discontinuity (1.€., 2t shift) in the
slope 1s 1llustrated by the transition between black and white
in the top left half of the plot. The method includes removing
phase discontinuities 1n the phase profile (820) and rotating
the phase profile (822). Referring to FIG. 10B, the phase
discontinuity 1n the top left portion of the plot has been
removed during the unwrapping process so that the phase
profile 1s continuous over the plot. By removing these phase
discontinuities, embodiments of the present invention enable
embodiments of the present invention to measure phase fronts
characterized by large variation in phase across the wave-
front, which contrasts with approaches that do not use the
phase unwrapping process, which are unable to measure large
variation phase fronts and are limited to small variations in the
phase front.

FIG. 10C 1illustrate the special case of quadratic input
wavelront. The phase profile, 1.¢., the slope of the input wave-
front after rotation 1s 1n a single direction. As illustrated 1n
FIG. 10C, the phase varies 1n the x-direction, but 1s constant
in the y-direction for H, . Similarly, in FIG. 11C, the phase
varies 1n the y-direction, but is constant 1n the x-direction for
H_, ;. The rotation of the phase profile simplifies system
alignment since rotation of the transmission mask with
respect to the detector can be removed by the system.

FIG. 11A 1s a plot illustrating a phase profile for a second
harmonic according to an embodiment of the present inven-
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tion. For reference, refer to harmonic 4075 1n FIG. 4C and
harmonic H_, ; in FIG. 3B. FIG. 11B 1s a plot illustrating an
unwrapped phase profile for the second harmonic according
to an embodiment of the present invention. FIG. 11C 1s a plot
illustrating a rotated phase profile for the second harmonic
according to an embodiment of the present invention. In

FIGS. 11A-11C, the harmonic used 1s the H_; ; harmonic.
The phase discontinuity in the top right portion of FIG. 11A
1s removed by unwrapping the phase profile to provide the
plot in FIG. 11B. The rotation of the phase profile results in
the phase profile in FIG. 11C that only varies in the y-direc-
tion. It will be noted that the ramps 1n the phase profiles for
H, ; and H_, , are orthogonal to each other.

The quantities represented by FIGS. 10B and 11B are the
wavelront slopes viewed from the checkerboard mask frame
of reference and the quantities represented by FIGS. 10C and
11C are viewed from the detector frame of reference. The

quantities represented by FIGS. 10C and 11C are the results

of the linear transformation of the quantities represented by
FIGS. 10B and 11B.

Using phase profiles of harmonics, the x and y derivatives
of the incident beam phase front profile are calculated. From
these dertvatives, the phase front profile 1s reconstructed by
integrating the rotated phase profiles (822). In embodiments,
reconstructing the phase front profile includes performing a
two-dimensional integration of the phase profiles associated
with each of the set of spatial domain harmonics.

The method includes, 1n some embodiments, computing,
the intensity profile associated with the incident beam. In
these embodiments, the method includes measuring an
amplitude associated with the spatial domain harmonics and
computing an intensity profile associated with incident beam.
The amplitude associated with the spatial domain harmonics
1s computed based on the absolute value of the array of
complex values and the intensity 1s a function of the square of
the amplitude values for the harmomnics as 1llustrated 1n Eq.
(3). By providing the intensity profile of the incident wave-
front, embodiments of the present invention provide data not
typically available using conventional wavelront sensors,
which only provide the low-resolution intensity profile and
need an extra camera to provide high-resolution intensity
data.

It should be appreciated that the specific steps 1llustrated in
FIG. 8 provide a particular method of measuring a wavetront
according to an embodiment of the present invention. Other
sequences of steps may also be performed according to alter-
native embodiments. For example, alternative embodiments
of the present invention may perform the steps outlined above
in a different order. Moreover, the individual steps 1llustrated
in FIG. 8 may include multiple sub-steps that may be per-
formed 1n various sequences as appropriate to the individual
step. Furthermore, additional steps may be added or removed
depending on the particular applications. One of ordinary
skill 1in the art would recognize many variations, modifica-
tions, and alternatives.

FIG. 9 1s a schematic diagram illustrating a wavefront
sensor according to an embodiment of the present invention.
The wavelront sensor includes a transmission mask 910 upon
which an incident beam i1s incident. The incident beam 1s
characterized by a wavetront defined by an intensity profile
and a phase front profile. The incident beam 1s diffracted as 1t
passes through the transmission mask 910 and impinges on an
imaging device 912, such as a CCD camera. The interfero-
gram produced by the light diffracting through the transmis-
s1on mask 1s measured using the imaging device. The com-

puter 950 recerves the interferogram and computes the
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wavelront of the incident beam, including the phase front
profile and/or the intensity profile.

The computer 950 1includes a processor 952, also referred
to as a data processor, a storage device 954, and an input/
output device 956. The processor 952 represents a central
processing unit of any type of architecture, such as a CISC
(Complex Instruction Set Computing), RISC (Reduced
Instruction Set Computing), VLIW (Very Long Instruction
Word), or a hybrid architecture, although any appropriate
processor may be used. The processor 952 executes nstruc-
tions and includes that portion of the computer 950 that con-
trols the operation of the entire computer. Although not
depicted 1n FIG. 9, the processor 952 typically includes a
control unit that organizes data and program storage in
memory and transiers data and other information between the
various parts of the computer 950. The processor 952 receives
iput data from the input/output module 956 and reads and
stores code and data in the storage device 954 and presents
data to the mput/output module 956 and the user interface
0S58.

Although the computer 950 i1s shown to contain only a
single processor 952, the disclosed embodiment applies
equally to computers that may have multiple processors and
to computers that may have multiple buses with some or all
performing different functions in different ways.

The storage device 954 represents one or more mecha-
nisms for storing data. For example, the storage device 954
may include cloud storage, read-only memory (ROM), ran-
dom access memory (RAM), magnetic disk storage media,
optical storage media, flash memory devices, and/or other
machine-readable media. In other embodiments, any appro-
priate type of storage device may be used. Although only one
storage device 954 1s shown, multiple storage devices and
multiple types of storage devices may be present. Further,
although the computer 950 1s drawn to contain the storage
device 954, 1t may be distributed across other computers, for
example on a server or otherwise in the cloud.

The storage device 954 includes a controller (not shown in
FIG. 9) and data items. The controller includes instructions
capable of being executed on the processor 952 to carry out
the methods described more fully throughout the present
specification, including Fourier transforms, inverse Fourier
transforms, integration of the phase profiles, and the like. In
another embodiment, some or all of the functions are carried
out via hardware in lieu of a processor-based system. In one
embodiment, the controller 1s a web browser, but 1n other
he controller may be a database system, a file

embodiments t
system, an electronic mail system, a media manager, an 1image
manager, or may include any other functions capable of
accessing data items. Of course, the storage device 954 may
also contain additional software and data (not shown), which
1s not necessary to understand the invention.

The embodiments described herein may be implemented in
an operating environment comprising software installed on
any programmable device, in hardware, or 1n a combination
of software and hardware. Although embodiments have been
described with reference to specific example embodiments, 1t
will be evident that various modifications and changes may be
made to these embodiments without departing from the
broader spirit and scope of the mvention. Accordingly, the
specification and drawings are to be regarded 1n an illustrative
rather than a restrictive sense.

As may be used herein for purposes of the present disclo-
sure, the term ‘about” means the amount of the specified
quantity plus/minus a fractional amount thereof that a person
skilled 1n the art would recognize as typical and reasonable
tor that particular quantity or measurement; e.g., “wherein A

10

15

20

25

30

35

40

45

50

55

60

65

14

and A, are about 10 times larger than a pixel size ot a detector
used to detect the interferogram™ could mean “wherein A=A,
1s equal to about 608 um for a 6.45 um pixel CCD chip.’
Likewise, the term ‘substantially’ means as close to or similar
to the specified term being modified as a person skilled 1n the
art would recognize as typical and reasonable; for e.g., within
typical manufacturing and/or assembly tolerances, as
opposed to being intentionally different by design and imple-
mentation.

It should be appreciated that all combinations of the fore-
going concepts and additional concepts discussed herein
(provided such concepts are not mutually 1inconsistent) are
contemplated as being part of the inventive subject matter
disclosed herein. In particular, all combinations of claimed
subject matter appearing at the end of this disclosure are
contemplated as being part of the inventive subject matter
disclosed herein. It should also be appreciated that terminol-
ogy explicitly employed herein that also may appear 1n any
disclosure incorporated by reference should be accorded a
meaning most consistent with the particular concepts dis-
closed herein.

It 1s also understood that the examples and embodiments
described herein are for illustrative purposes only and that
various modifications or changes in light thereotf will be sug-
gested to persons skilled 1n the art and are to be included
within the spirit and purview of this application and scope of
the appended claims.

What 1s claimed 1s:

1. A method of measuring characteristics of a wavelront of
an incident beam having a phase front, the method compris-
ng:

providing a transmission mask;

providing an imaging device having a detector plane;

passing a portion of the imncident beam through the trans-

mission mask;

propagating the portion of the incident beam passing

through the transmission mask over a predetermined
distance;

forming an interterogram at the detector plane of the imag-

ing device;

detecting the interferogram using the imaging device;

Fourier transforming the interferogram to provide a ire-

quency domain interferogram;

selecting a subset of harmonics from the frequency domain

interferogram;

individually inverse Fournier transtforming each of the sub-

set of harmonics to provide a set of spatial domain har-
monics:

extracting a phase profile from the set of spatial domain

harmonics:

removing phase discontinuities 1n the phase profile;

rotating the phase profile; and

reconstructing the phase front of the wavelront of the 1nci-

dent beam.

2. The method of claim 1 further comprising:

measuring an amplitude associated with the spatial domain

harmonics; and

computing an intensity profile associated with the wave-

front of the incident beam.

3. The method of claim 1 wherein the transmission mask
comprises a checkerboard pattern transmission mask.

4. The method of claim 3 wherein the checkerboard pattern
transmission mask comprises an amplitude-only transmis-
s1on mask.

5. The method of claim 1 wherein the subset of harmonics
comprises a harmonic closest to an origin 1n each quadrant.



US 9,423,306 B2
15

6. The method of claim § wherein the subset of harmonics
comprises four harmonics closest to the orngin.

7. The method of claim 1 wherein the subset of harmonics
comprises a harmonic closest to an origin 1n two adjacent
quadrants. 5

8. The method of claim 7 wherein the subset of harmonics
comprises four harmonics closest to the origin.

9. The method of claim 1 wherein the phase profile char-
acterizes a slope of the phase front.

10. The method of claim 1 wherein reconstructing the 10
phase front comprises performing a two dimensional integra-
tion of the phase profile associated with each of the set of
spatial domain harmonics.
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